The electrochemical behavior of some sulpha drug-Schiff bases at a mercury electrode was examined in the Britton-Robinson universal buffer of various pH values (2.5 − 11.7) containing 20% (v/v) of ethanol using DC-polarography, cyclic voltammetry and controlled-potential electrolysis. The DC-polarograms and cyclic voltammograms of the examined compounds exhibited a single, 2-electron, irreversible, diffusion-controlled cathodic step within the entire pH range which is attributed to the reduction of the azomethine group -CH=N-to -CH 2 -NH-. The symmetry transfer coefficient (α) of the electrode reaction and the diffusion coefficient (D 0 ) of the reactant species were determined. The electrode reaction pathway of the compounds at the mercury electrode was suggested to follow the sequence: H + , e − , e − , H + . The dissociation constant of the sulpha drug-Schiff bases, the stability constant and stoichiometry of their complexes with various divalent transition metal ions (Mn 2+ , Co 2+ , Ni 2+ , Cu 2+ and Zn 2+ ) were determined potentiometrically at room temperature.
Introduction
Sulpha drugs constitute an important class of therapeutic agents in current medical science and are extensively used for the treatment of diseases caused by several microorganisms [1] . Schiff bases are a large class of organic compounds containing the azomethine group (-CH=N-). Schiff bases that are derived from sulpha drugs and many of their metal complexes exhibit a wide range of biological activity [3] [4] [5] [6] [7] , corrosion inhibition effects [8] [9] [10] [11] and analytical applications [12] [13] [14] [15] [16] have been prepared and reported. Although the electrochemical behavior of Schiff bases drew the attention of many workers [18] [19] [20] [21] , insufficient information is available in the literature regarding the electrochemical behavior and metal-chelating character of the sulpha drug-Schiff bases.
In this work we examined the electrochemical behavior of some sulpha drug-Schiff bases at the mercury electrode. The dissociation constant of the compounds, the stability constant and the stoichiometry of their metal complexes with the divalent transition metal ions: Mn 2+ , Co 2+ , Ni 2+ , Cu 2+ and Zn 2+ were determined potentiometrically.
Experimental

Preparation of sulpha drug-Schiff bases
The following sulpha drugs (sulphadiazine, sulphamethazine, sulphaacetamide and sulphaguanidine, Sigma Chemicals Co., USA) were used in the preparation of the sulpha drug-Schiff bases. The four Schiff bases (SDSB, SMSB, SASB and SGSB), (Fig. 1 ) are, respectively, the corresponding Schiff bases (SB) derived from sulphadiazine, (SD), sulphamethazine (SM), sulphaacetamide (SA) and sulphaguanidine (SG). These Schiff bases were prepared according to the optimized procedure given in the literature [22] . The products (SDSB, SMSB, SASB and SGSB) were obtained by recrystallization with ethanol until a constant melting point was attained. The purity and characteristics of the sulpha drug-Schiff bases were examined by elemental analysis and IR spectra. [23] and used as a the supporting electrolyte. A pH-meter (Crison, Barcelona, Spain) was used for the pH measurements. 
Solutions
Instrumentation and procedures
DC-polarographic measurements
All DC-polarographic measurements were carried out using a Sargent-Welech pen recording Polarograph Model 4001 (USA). The electrolysis cell used was previously described by Meites [24] . The characteristics of the capillary used as a dropping mercury electrode (DME) were: m = 1.03 mg/s and t = 3.35 s in a solution of 0.1 M KCl with an open circuit for a mercury height of 60 cm.
Cyclic voltammetric measurements
All of the cyclic voltammetric measurements were carried out using a computer-controlled Electrochemical Analyzer Model 273-PAR (Princeton Applied Research PAR, Oak Ridge, TN, USA). The electrode assembly (303A-PAR) used for these experiments was incorporated with a micro-electrochemical cell with a three-electrode configuration system comprising of a hanging mercury drop electrode (HMDE) as the working electrode (surface area of HMDE = 0.026 cm 2 ), an Ag/AgCl/KCl s reference electrode and a platinum wire auxiliary electrode. A sulpha drug-Schiff base with a concentration of 2 × 10 −4 M was placed in 10 ml of B-R universal buffer containing 20% (v/v) of ethanol, introduced into the electrochemical cell, and deoxygenated by bubbling with pure nitrogen for at least 10 minutes. The DC-polarograms or cyclic voltammograms were recorded while a constant stream of nitrogen gas was passed over surface of the electrolysis solution.
Controlled-potential electrolysis measurements
The controlled-potential electrolysis measurements were carried out using a Potentiostat / Galvanostat (Model 173 -PAR) with a digital coulometer Model 179-PAR. The coulometric cell used was designed by Princeton Applied Research (PAR) Corporation to have a large electrode surface area to solution volume ratio as possible. The cell consists of electrodes, stirrer, bridge tube, stand and stirring motor which were attached to a polyethylene cell top. The cell bottom is made of Pyrex, with a backer style fitted with a plastic screw cap to tighten the connection to the top of the cell. The cell bottom contained a mercury pool working electrode with a Pt wire sealed through the cell bottom for contact with the mercury pool. The reference electrode was a saturated calomel electrode (SCE) with a counter electrode made of platinum gauze. This electrode was immersed in a bridge tube which was constructed to permit any gases evolved to be vented. The potential applied during the controlled-potential electrolysis measurements for various concentrations of sulpha drug-Schiff base solutions in the B-R universal buffer of various pH values (pH = 4.5 and 7.0 for all the Schiff bases except SMSB at pH = 7 and 7.5) was adjusted to be equal to the E 1/2 of the polarographic wave of the reactant at the selected pH value plus −0.1 V (vs. SCE). Prior to measuring, the electrolyzed solutions were deoxygenated by bubbling with pure nitrogen. During the measurements, a constant stream of nitrogen gas was passed over surface of the electrolysis solution. The total charge (Q) consumed during the complete electrolysis of the reactant was calculated by integrating the current electronically, after subtracting the background current. Using Faraday's equation: N = Q/nF , (where N is the number of moles of reactant being electrolyzed) the total number of electrons (n) transferred per Schiff base molecule was determined to be 1.94 − 2.03 (i.e n = 2). This may be attributed to reduction of the azomethine group -CH=N-to -CH 2 -NH-. The completely electrolyzed solution of each of the compounds was concentrated by evaporation over a water bath and the buffer ingredients were removed by extraction with a slurry of diethyl ether. The product was dried under vacuum with phosphorous pentoxide in a desiccator and allowed to stand over night. The IR-spectra of each of the solid products were incorporated in a KBr disc and recorded using a Beckman IR 4220 double beam spectrophotometer. The IR-spectra of the solid product showed the disappearance of the band due to the -CH=N-which suggests that the azomethine group (-CH=N-) was the electro-active center as indicated from controlled-potential electrolysis.
Potentiometric measurements
These were performed using a Metrohm E536 Potentiograph equipped with a 665 Dosimat (Metrohm, Herisau, Switzerland). The electrode was standardized before and after each titration with buffered solutions (Fisher, NJ, USA). The following solution mixtures: (i) 2.5 ml of 0.012 M HCl +5 ml of 1 M KCl +25 ml ethanol, (ii) 2. and made up to a total volume of 50 ml with deionized water. These solutions were then titrated potentiometrically with 0.023 M NaOH aqueous-ethanol (50% v/v) solution at room temperature.
Results and Discussion
Voltammetric Studies
The DC-polarograms of the studied sulpha drug-Schiff bases (SDSB, SASB and SGSB) showed a single irreversible cathodic wave in the Britton-Robinson universal buffer (pH 2.5 − 11.7) containing 20% (v/v) of ethanol ( Fig. 2) . However, polarograms of SMSB 4-(o-hydroxybenzal)-iminosulphamethazine-Schiff base exhibited no reduction wave in solutions of pH < 7. The latter behavior may be attributed to the presence of two strong electron releasing methyl groups in the ring, which retarded the reduction process, and consequently its reduction wave in the acidic solutions was masked by the hydrogen wave. The limiting current (i 1 ) of the examined Schiff bases (SDSB, SASB and SGSB) was pH independent in solutions of pH < 7.5 while at higher pH values the limiting current of all the examined compounds decreased with an increase of the pH of the medium (Fig. 3) which is a behavior similar to that usually observed for hydrazones and Schiff bases in alkaline media [25] . This behavior was attributed to the protonation of the reactant species which occurs as a homogeneous process at the electrode surface where the limiting current is controlled by the rate of protonation [25] . An analysis of the irreversible polarographic wave of for each of the examined compounds was done by plotting E d.e versus log (i/i l − i) [24] . At pH values of less than 8, straight lines with slope values of (S 1 )= 56 − 82 mV (S 1 , = 59/αn a ), were obtained Table 1 . From these slopes, the values of αn a (0.72 − 1.05) and the symmetry transfer coefficient α(0.36 − 0.52) of the reduction process of the compounds at various pH values were also calculated and are shown in Table 1 . These results indicated the irreversible nature of the reduction process at the mercury electrode surface. The most probable values of α-parameter (Table 1) revealed that the number of electrons involved in rate-determining step (n a ) of the reduction process equals two (n a = 2)
The half-wave potential (E 1/2 ) of the polarographic waves of the sulpha drug-Schiff bases show a cathodic shift with an increase in the pH of the medium, indicating the involvement of the protons (P ) in the reduction process and further suggesting that proton-transfer reaction precedes electron-transfer [26] . The E 1/2 -pH plots of the compounds are straight lines with the slope values of S 2 , {S 2 , mV = (59/αn a )P } also reported in Table 1 . The number of protons P participating in the rate-determining step of the reduction process was calculated from the following relation [24] [25] [26] [27] and was found to be equal to one (Table 1) .
In addition, the previously estimated symmetry transfer coefficient (α) values (Table 1) were obtained by considering the number of electrons involved in the rate-determining step (n a ) of the electrode reaction to be equal to two, i.e. the ratio (P/na) = 0.5 (Table 1) . 
Cyclic voltammograms of the sulpha drug-Schiff-bases (SDSB, SMSB, SASB and SGSB) with a concentration of 2×10
−4 M at the hanging mercury electrode (HMDE) with different sweep rates (20 − 500 mV/s) in the B-R universal buffers of various pH values containing 20% (v/v) of ethanol exhibited a single, well-defined, irreversible cathodic peak (Fig. 4) . The peak potential (E p ) shifted to increasingly negative values with increased pH (2.5 − 11.7) and scan rate ν (20 − 500 mV s −1 ). These shifts confirm, respectively, the involvement of protons in the electrode reaction [26] and the irreversible nature of the reduction process of the investigated compounds at the mercury electrode [28] . According to the equation 2 [28] :
(where k f,h is the standard heterogeneous rate constant and D 0 is the diffusion coefficient of the species in solution). The E p − ln v plots of the examined Schiff bases at various pH values are straight lines. From their slope values, the symmetry transfer coefficient (α) values were estimated (Table 2 ). According to equation 3 where (i p ) is the peak current [28] :
The irreversible nature of the electrode process of the Schiff bases were confirmed from the linear correlations of E p versus log i p at various pH values. The values of the symmetry transfer coefficient α (0.32 − 0.48) that were estimated from the slopes of these plots (Table 2) provided additional support of a slow rate electron transfer. The width of the totally irreversible process is expressed by equation 4 [28] :
and the estimated α values for the electrode process of the compounds were found to agree well with those obtained by other methods ( Table 2 ). The peak current of an irreversible process (i pirr ) is expressed by equation 5 [28] where C 0 is the bulk concentration of reactant species and A is the area of the working electrode. The plots of the peak current (i p ) versus the square root of the scan rate (ν 1/2 ) at various pH values were straight lines passing through the origin indicating the diffusioncontrolled nature of the electrode process [24] of each of the compounds. Since values of αn a were estimated from equation 2, the values of diffusion coefficient (D 0 ) of the species were estimated (Table 2 ) using equation 5.
Electrode reaction pathway
The results of DC-polarography, cyclic voltammetry and electrolysis at a controlledpotential suggests that the electrode reaction pathway of the examined compounds involved the consumption of two electrons per reactant molecule (Reaction ii) following the proton transfer reaction (Reaction i) for reduction of the -CH=N-center to -CH 2 -NH-. Therefore the sequence of the electrode reaction pathway of the examined Schiff bases at the mercury electrode is (H + , e, e, H + ) [26] as given in Fig. 5 (where R is the reminder of the reactant molecule (SDSB, SMSB, SASB or SGSB): 
Potentiometric Studies
The potentiometric titration technique was used to determine the dissociation constant of the sulpha drug-Schiff-bases and the stability constant and stoichiometry of their complexes with various divalent transition metal ions (Mn 2+ , Co 2+ , Ni 2+ , Cu 2+ or Zn 2+ ).
Dissociation constant of the sulpha drug -Schiff bases
The average number of protons associated with the sulpha drug-Schiff base molecule (n a ) were estimated from the titration curves of hydrochloric acid solution with sodium hydroxide solution in the absence as well as in the presence of the Schiff base compound at room temperature. Figure 6 shows the titration curves of solution mixtures of each of the compounds at room temperature. A plot of n a versus pH gives the proton-ligand formation curve of each of the sulpha drug-Schiff bases. The values of the proton-ligand dissociation constants of the compounds (Table 3) were found to extend between 0 and 2 on the n a scale. These values indicated that each of the sulpha drug-Schiff bases has two dissociable protons (Reactions 6 and 7), which are the enolized hydrogen ion of the -SO 2 NH-and the phenolic -OH groups (where LH 2 and L −− represent the sulpha drug-Schiff base species, respectively, in a strong acidic and basic media).
3.3.2 Stability constants of the sulpha drug-Schiff base metal complexes
The potentiometric titration of a solution mixture of the sulpha drug-Schiff base in the presence of metal ions (Mn 2+ , Co 2+ , Ni 2+ , Cu 2+ or Zn 2+ ) with 0.023 M NaOH aqueousethanol (50% v/v) solution was carried out at room temperature. The complex of the metal ions with the sulpha drug-Schiff bases was found to take place with the liberation of [29] , using a constructed basic language -PC program, the successive stability constants K 1 and K 2 of the metal complexes ML and ML 2 were determined ( Table 4) . From the results the following comments can be made: (i) The maximum number of sulpha drug-Schiff base ligand attached per metal ion (n) was found to equal 2, revealing the formation of two types of metal complexes with stoichiometric ratios of 1:1 and 1:2 ( Fig. 7) due to chelation of the ligand through the imine nitrogen and the phenolic oxygen to the metal ion. No metal hydroxide is formed since no precipitate was observed in the titration vessel, (ii) the values of log K 1 were always found to be higher than those of log K 2 (Table 4 ) which may be due to the fact that the vacant sites of the metal ions are more available for binding of the first ligand molecule than the second one, and (iii) the stability constant of the formed sulpha drugSchiff base-metal complexes follows the order: Mn 2+ < Co 2+ < Ni 2+ < Cu 2+ > Zn 2+ . 
